The effects of prolonged clenervation, independent from those of prolonged axotomy, on the recovery of muscle function were examined in a nerve cross-anastomosis paradigm. The tibialis anterior muscle was denervated for various durations by cutting the common peroneal nerve before a freshly cut tibia1 nerve was cross-sutured to its distal stump.
Nerve The basis for the poor functional recovery after delayed nerve repair or injuries in which nerve must regenerate over long distance to reinnervate denervated target is not well understood.
The poor motor recovery is generally attributed to the inability of denervated muscle to accept reinnervation and to recover from denervation atrophy (Gutmann and Young, 1944; Gutmann, 1948 ; reviewed by Sunderland, 1978; Irintchev et al., 1990; Terzis and Smith, 1990) . However, functional recovery may also be compromised by other factors such as the reduced ability of injured motoneurons to regenerate their axons after prolonged axotomy and the deterioration of trophic and substrate support for regenerating axons in long-term denervated distal nerve stumps. The relative contribution of prolonged axotomy and prolonged denervation to poor functional recovery can be studied independently by means of two nerve cross-anastomosis paradigms. First, prolonged axotomy can be induced by section of a nerve (motoneuron axotomy) and later cross-suture of the proximal stump of the nerve to reinnervate a freshly denervated muscle via the distal sheath of the muscle's original nerve. Second, prolonged denervation can be induced by section of a nerve (so that the target muscle and the distal nerve stump are both denervated) and later cross-suture of a freshly cut foreign nerve to the denervated distal stump of the original nerve (Holmes and Young, 1942; Gutmann and Young, 1944) . Using the first paradigm along with combined physiological and histochemical methods to quantify the number of motor axons that reinnervate a muscle (motor unit or MU number) and the number of muscle fibers each motor axon had reinnervated (the innervation ratio or MU size), we showed that the regenerative capacity of injured axons was significantly compromised by prolonged axotomy (Fu et al., 1993; Fu and Gordon, 1995) . In the present study, we used the second paradigm to quantify, for the first time, the effects of prolonged denervation of muscle and distal nerve sheaths on nerve regeneration and muscle reinnervation. We have extended the elegant morphological studies of Young and colleagues (Holmes and Young, 1942; Gutmann and Young, 1944) in demonstrating that the deterioration of intramuscular nerve sheaths is the major factor that limits muscle reinnervation and recovery. We also confirmed previous findings (Gutmann, 1948; Irintchev et al., 1990 ) that reinnervated muscle fibers fail to recover fully from denervation atrophy after long-term denervation.
The present results have been presented in abstract form (Fu et al., 1991; Fu and Gordon, 1993a,b) .
Materials
and Methods
Surgical procedures
Cross-suture of posterior tibia1 (TIB) nerve and common peroneal (CP) nerve (nerve-nerve or N-N suture) was performed in 28 adult, female Sprague-Dawley rats under sodium pentobarbital anesthesia and aseptic A, The sciatic nerve normally branches into the common peroneal (CP) nerve and posterior tibia1 (TIB) nerve. The CP nerve innervates muscles in the anterior compartment of the hindlimb including the tibialis anterior (TA) muscle (durkened). The TIB nerve innervates the intrinsic muscles of the foot (not shown). B, The CP nerve was cut and its regeneration was prevented by ligating its proximal stump and suturing it to the biceps femoris. C, Up to 1 year later, TIB nerve was freshly cut and its proximal stump was sutured to the previously cut distal CP stump to reinnervate the freshly or prolonged denervated TA muscle. Before the TIB-CP cross-suture, the proximal CP stump was stimulated to ensure that there was no regeneration to the TA muscle.
conditions. As shown in Figure 1 , the right tibialis anterior (TA) muscle was denervated by cutting the CP nerve and ligating the nerve to prevent regeneration. At the same time, all the other muscles innervated by the CP nerve except the TA and extensor digitorum longus were removed from the anterior muscle compartment of the hindlimb. Care was taken to avoid damaging the blood supply to the TA muscle. Immediately or up to 1 year after denervation, the right TIB nerve was freshly cut and its proximal stump was sutured to the (newly or longterm denervated) distal CP nerve stump to cross-reinnervate the freshly or long-term denervated TA muscle. The proximal stump of the CP nerve was electrically stimulated to ensure that there was no CP nerve regeneration to the TA muscle.
A morphological study has shown that regenerating axons escape from the deteriorating intramuscular nerve sheaths when denervation of the muscle and distal nerve stump was prolonged prior to cross-nerve suture (Gutmann and Young, 1944) . As a result, the axons grow directly on the denervated muscle surface which, as suggested, leads to poorer muscle reinnervation. If this suggestion is valid, poor reinnervation of long-term denervated muscle after cross-nerve suture should be simulated by forcing the nerve to regenerate outside the intramuscular sheaths on the denervated muscle surface. This was achieved in the present study by suturing the TIB nerve directly to the denervated TA muscle at least 8 mm away from the original nerve entry point (nervemuscle or N-M suture). N-M suture was carried out immediately after TA muscle denervation or after the same periods of prolonged denervation as in N-N suture (N = 33).
At least 6 months after the N-N and N-M sutures, nerve regeneration and muscle reinnervation were evaluated in a final experiment. Rats were again anesthetized, and their blood volume was maintained by hourly intravenous injection of 5% dextrose-saline solution via a venous cannula. The trachea was cannulated for mechanical ventilation when necessary. The TA muscle was isolated by denervating all other hip, tail, and hindlimb muscles. Stimulating electrodes were inserted into the muscle beneath the sciatic nerve. Surface EMG electrodes were sewn onto the TA muscle fascia. Spinal ventral roots (L4-L6) were exposed by laminectomy. The isolated TA muscle was attached to a force transducer for muscle and MU force recordings.
Muscle and MU force recordings
Maximal muscle twitch and tetanic forces were recorded at optimal muscle length in response to suprathreshold sciatic nerve stimulation. Ventral roots were teased into small filaments, each of which contained only 3-10 motor axons innervating the TA muscle. Ventral root filaments were stimulated by gradually increasing voltage to progressively recruit single MUs as judged by all-or-none increments in twitch force and the associated unique EMG signals (Jansen and Fladby, 1990; Stein and Yang, 1990; McComas, 1991) . Twitch forces of single MUs were obtained by digital subtraction.
Single MU isolation and glycogen depletion Upon completion of MU force recordings, one MU in each muscle was isolated for further characterization into fast fatigable (FF), fast fatigue resistant (FR), fast fatigue intermediate (FI), and slow (S) on the basis of contractile speed, "sag," and fatigability (Tot&y de Zepetnek et al., 1992a) . The criteria of single MU isolation were an all-or-none twitch contraction and the associated EMG response. A motor unit was selected for study only if the threshold voltage of its axon was lower than 10 V and at least 10 times less than the threshold of any other axons in the same filament. These criteria were rigidly met to keep a single MU for the subsequent l-4 hr recordings required for adequate glycogen depletion. The isolated single MU was repetitively stimulated (starting at 1 Hz) with trains of tetanic stimuli consisting of five pulses at 50-100 Hz. These methods have been described in detail (Tot&y de Zepetnek et al., 1992a; Fu and Gordon, 1995) .
Histochemistry
After the above recordings, the TA muscle was quickly removed, cut into three cross-sectional blocks, and frozen in isopentane cooled in liquid nitrogen. Muscle cross sections (IO pm) were cut and stained for Periodic Acid Schiff staining (PAS) and myosin ATPase using both acid and alkaline preincubations (Totosy de Zepetnek et al., 1992b) .
Data analvsis , MU number and size. At least 30% of MUs in anv reinnervated muscle were sampled to obtain a representative mean MU twitch force. The total number of MUs in each muscle was estimated by dividing the whole muscle twitch force by the mean MU twitch force.
Muscle jber number and size. The total number of muscle fibers in each muscle was estimated by multiplying the total muscle cross-sectional area (CSA) by muscle fiber density. Muscle CSA was measured on those cross-sections that contained the maximum number of muscle fibers. The measurements of total muscle cross sectional area reflect the area of all muscle fibers and did not include the fibrotic and fatty tissues whose total area was measured and subtracted from the muscle CSA. Muscle fibers were counted in 0.63 mm* areas on muscle cross sections in six to nine regions that were located consistently in different muscles. Fibers within the six to nine regions represented at least 10% of all the muscle fibers in each muscle. Fiber density was measured in all the six to nine regions in order to take into account regional differences in fiber size (Pullen, 1977; Totosy de Zepetnek et al., 1989; Parry and Wilkinson, 1991) .
Two methods were used to obtain the mean muscle fiber CSA: (I) dividing the total muscle CSA by the total number of muscle fibers in each muscle and (2) directly measuring fiber CSA of 500-1000 fibers within the six to nine regions. Good agreement was found between the two methods: with mean muscle fiber CSAs being 2912 5 63 pm? and 2985 2 166 pm2 for indirect and direct measurements, respectively, obtained from the same four rats. The indirect method was, therefore, used to acquire the mean muscle fiber CSA in all the control and reinnervated TA muscles.
Statistics
Arithmetic means were calculated and shown with standard errors (mean & SE). One-way analysis of variance (ANOVA) was applied to examine differences in muscle force, MU number, MU force, muscle and muscle fiber CSA, and muscle fiber number between the control, cross-reinnervated muscles after immediate nerve repair and cross-reinnervated muscles after delayed nerve repair. Bonferroni tests were used to detect any differences between all the possible combinations of paired conditions. The Kruskal-Wallis test of rank order was used to examine the differences in the distribution of muscle fiber CSA between control and cross-reinnervated muscles. Regression lines were fitted using least square analysis. For all the above statistical analyses, p values of less than 0.05 were regarded as significant.
Results

Muscle reinnervation after immediate and delayed nerve-nerve sutures
Shown in the micrographs of Figure 2 , the size of a reinnervated muscle and its fibers after 1 month denervation (Fig. 2C,D) was comparable to the control ( Fig. 2A,B) . However, when denervation was prolonged to 6 months prior to nerve repair, the reinnervated muscle and its fibers were much smaller (Fig. 2E,F) . As shown in the distribution of muscle fiber size in Figure 3 , muscle fibers in the reinnervated muscle fully recovered from denervation atrophy when N-N suture was carried out within 4.5 d of denervation (Fig. 3B) . However, reinnervated muscle fibers were much smaller when denervation was prolonged beyond 6 months prior to N-N suture (Fig. 3C ). As summarized in Figure  4 , a progressive decline in both the number (A) and size (B) of muscle fibers accounts for a smaller muscle CSA (C) and muscle twitch force (D). There was a small increase in the mean MU twitch force (E). The most dramatic effect of prolonged denervation was a significant decrease in the number of reinnervated MUs (F) and hence the number of regenerating motor axons that made functional connections with long-term denervated muscle fibers. MU enlargement in terms of the number of muscle fibers in the MU was indicated by a small increase in MU twitch force (Fig. 4E ) and a decrease in the size of muscle fibers (Fig. 4B) with prolonged muscle denervation. The innervation ratio (IR), calculated by dividing total muscle fiber number by MU number, increased significantly to partially compensate for the reduction in MU number in the reinnervated muscle (Fig. 4F) . The average increase of threefold is as great as for intact axons that sprout in partially denervated TA muscle (Gordon et al., 1993) and regenerating axons that form enlarged MUs after immediate nerve suture. Thus, prolonged denervation does not affect the ability of motor axons to form enlarged MUs. However, MU enlargement was not sufficient to compensate for the more than 85% reduction in MU number after long-term denervation. As a result, less than 50% of the muscle fibers were reinnervated when denervation was prolonged beyond 6 months (Fig. 4A) .
The mean maximum tetanic force (5.4 + 0.1 N) of reinnervated muscles after immediate N-N suture was close to the contralateral control (6.0 2 0.2 N). When the duration of denervation was prolonged for more than 6 months, the force decreased to I .4 & 0.26 N. This reduction was accompanied by hypertrophy of the contralateral control TA muscle (8.9 + 0.26 N), presumably as a result of the overuse to compensate for the "foot drop" in the experimental limb.
Muscle reinnervation after immediate and delayed nervemuscle sutures The success of reinnervation of short-term (<45 d) denervated muscles observed after N-N suture was not seen after N-M suture (Fig. 5) . Even immediate N-M suture led to a significant reduction in the number of reinnervated MUs (Fig. 5F ) and an associated decrease in muscle CSA (Fig. 5C ), muscle force (Fig.  5D) , and muscle fiber number (Fig. 5A) .
Thus, poor reinnervation of long-term denervated muscle after N-N suture was simulated by forcing axons to regenerate outside the intramuscular nerve sheaths (N-M suture). This provided evidence to support the idea that poor reinnervation of long-term denervated muscles after N-N suture can be explained by escape of regenerating axons from the deteriorating intramuscular nerve sheaths and elongation on the surface of denervated muscle fibers.
To determine whether the growth substrate of denervated muscle also deteriorates with time, denervation was prolonged prior to N-M suture. A 2-6 week delay prior to N-M suture reduced the number of reinnervated MUs to an average of 10 in comparison with 84 t 4 for the same delay prior to N-N suture (Fig. 5F) . Thus, the growth substrate of denervated muscle deteriorates more rapidly than that of the denervated intramuscular nerve sheaths. Possibly as a result of deterioration of the sheaths, there were similarly few reinnervated MUs under conditions of both N-N and N-M sutures after the target muscle and the intramuscular nerve sheaths had been denervated for 6 months.
The effects on muscle reinnervation of N-N and N-M sutures and of immediate and delayed nerve repair are compared in Figure 6 . After immediate nerve suture (no delay in Fig. 6 ), regeneration (MU number, Fig. 6A ) was significantly less successful after N-M suture than after N-N suture. The capacity of 2 mm 50 Figure 2 . Low-and higher power photomicrographs of cross-sections of control (A and B), cross-reinnervated muscle after short-term (1 month) denervation (C and D), and long-term (12 month) denervation (E and F) prior to N-N suture. The size of the reinnervated muscle and its muscle fibers was similar to the control after short-term denervation prior to nerve repair but was much smaller than the control when denervation was prolonged 12 months prior to nerve repair. the few regenerated axons to form enlarged MUs after N-M suture (Fig. 6B) partially compensated for the reduction in MU number. As a result, almost as many muscle fibers were reinnervated ( Fig. 6C ) and muscle force recovered almost as well as after N-N suture ( Fig. 6 .E). Denervated muscle fibers completely recovered from denervation atrophy after both N-N and N-M sutures (Fig. 60) . After prolonged denervation (>6 months; prolonged delay in Fig. 6 ), MU number was equally reduced after N-N and N-M sutures to less than 12% of that after immediate N-N suture (Fig.  6A) . After delayed N-N suture, the capacity of motor axons to form enlarged MUs partially compensated for the reduction in MU number (Fig. 6B) . However, the relatively poor reinnervation of denervated muscle fibers (4901 + 830 and 10006 + 470 after delayed and immediate N-N sutures, respectively) combined with the failure of long-term denervated muscle fibers to fully recover from denervation atrophy (Fig. 60 ) resulted in less than 25% muscle force of that after immediate N-N suture (Fig. 6E) . After delayed N-M suture, IR was not increased to compensate for low MU number (Fig. 6B) , with the result that muscle force was less than that after delayed N-N suture. Thus, long-term denervation reduces both the number of motor axons that successfully reinnervated the muscle and the capacity of motor axons to form enlarged MUs after N-M suture.
Relationship between IR and MU force after N-N and N-M sutures
One MU per muscle was glycogen-depleted to obtain direct counts of MU fibers (IR). MU fibers were generally clumped and of the same histochemical type (Fu et al., 1992) . There was a higher proportion of FI units (Fig. 7) than normal (21%) as previously described in self-reinnervated muscles after immediate nerve-nerve suture (TM&y de Zepetnek et al., 1992a) .
In agreement with the data on self-reinnervated TA muscles (Tot&y de Zepetnek et al., 1992a), IR was strongly correlated with MU tetanic force in cross-reinnervated muscles and that IR and force increased in the order of FR < FI < FF (Fig. 7A,C,E) . The same correlations were also found between IR and twitch force (Fig. 7B,D,F) . Interestingly, the slopes of the regression lines were the same for N-N and N-M sutures and for short and long periods of denervation. Thus, the relationship between IR and MU force did not change as a result of the reduction in the number of MUs after N-M suture or by prolonged denervation. However, after prolonged denervation, tetanic and twitch forces both underestimated IR because muscle fiber CSA was lower than normal. This is seen as a shift of the regression lines to higher values of IR (Fig. 7E,F) .
force due primarily to fewer regenerating axons and, to a lesser extent, a reduction in the size of reinnervated muscle fibers. (2) N-M suture, which forces axons to regenerate outside the nerve sheath, simulates the effects of prolonged denervation in reducing the number of regenerating axons and, for long-term denervated muscles, reduces the number of muscle fibers reinnervated by each axon. The present study, therefore, identifies two principal causes for the poor recovery of long-term denervated muscles. First, most axons fail to elongate sufficiently to reach denervated muscle fibers. Second, long-term denervated muscle fibers fail to fully recover from denervation atrophy. Data from reinnervated muscles that were denervated for more than 6 months prior to N-N or N-M suture were pooled for comparison with those after immediate nerve repair.
short-term denervation may not have advantage for promoting muscle reinnervation as previously suggested (Brunetti et al., 1985; Finkelstein et al., 1993) . Long-term denervation of the muscle and distal nerve sheaths resulted in drastic reduction in the number of MUs in muscles reinnervated by cross-nerve suture. The fact that poor regeneration after prolonged denervation was simulated by direct nerve-muscle suture strongly suggests that the compromised regeneration is due to progressive deterioration of the intramuscular nerve sheaths, the normal pathways for axonal regeneration (Gutmann and Young, 1944; Sanes et al., 1978; Kuffler, 1986a) . Regenerating axons grow in the interface between Schwann cells and their basal laminae, both of which provide substrate and trophic support (Nathaniel and Pease, 1963; Martini and Schachner, 1988; Martini, 1994) . There are a number of possible explanations for the progressive deterioration in the ability of intramuscular nerve sheaths to support regenerating axons back to long-term denervated muscle fibers. (1) The initial proliferation of Schwann cells is not maintained and the number of Schwann cells may decrease to a level at which adequate substrate and trophic support is no longer available (Weinberg and Spencer, 1978; Pellegrino and Spencer, 1985; Salonen et al., 1985; Salonen et al., 1987) . (2) The basal lamina, which cannot be renewed without Schwann cell-axon contact (Bunge et al., 1982) , begins to fragment within weeks of denervation (Giannini and Dyck, 1990) . (3) Collagenization of endoneurial tubes may obstruct axonal regeneration (Sunderland and Bradley, 1950a,b) . All these factors may contribute to the reduction in the number of axons that eventually reach denervated muscle fibers via the intramuscular nerve sheaths. Morphologically, regenerating axons escape from the deteriorating intramuscular nerve sheaths and grow directly on the surface of denervated muscle fibers (Gutmann and Young, 1944) . Such an observation is strongly supported by the present physiological finding that the effect of long-term denervation in reducing MU number was simulated by excluding regenerating axons from the intramuscular nerve sheaths. We found that far fewer axons made functional connections after immediate N-M suture than after immediate N-N suture (Fig. 5) . Thus, the surface of denervated muscle fibers is a poor substrate for nerve growth as compared to the nerve sheath. Evidently, the cell adhesion molecules and extracellular matrix proteins expressed on the surface of denervated muscle fibers (Covault et al., 1987) may not provide as favorable substrate or trophic support for axonal elongation as Schwann cells and their basal laminae. Even in freshly denervated muscles, less than 50% of regenerated axons made nerve-muscle connections after N-M suture as compared to N-N suture (Fig. 5) . A delay of 2 weeks prior to N-M suture leads to further reduction in the number of reinnervated MUs, indicating that the growth substrate provided by the denervated muscle rapidly deteriorates.
The number of reinnervated MUs fell to about 10% when muscle denervation was prolonged beyond 6 months. Eventually, the number of reinnervated MUs after delayed N-N suture fell to the same level as after N-M suture (Fig. 5) , suggesting that deterioration of the intramuscular nerve sheaths progresses more slowly than that of the growth substrate provided by denervated muscle. Regenerating axons that are forced to grow outside the intramuscular nerve sheaths by N-M suture elongate along the denervated muscle fibers. Nonetheless, regenerating axons may still be strongly attracted by the intramuscular nerve sheaths (Kuffler, 1986b (Kuffler, , 1987 Diaz and Pecot-Dechavassine, 1990 ). Axonal regeneration after N-M suture deteriorated rapidly with pro- These changes may also explain why IR is significantly less after N-M than N-N suture (Fig. 6) .
Reduction
in the number of reinnervated muscle jibers
The reduction in the number of reinnervated muscle fibers could result from a reduction in (1) the number of muscle fibers that are viable for reinnervation (Anzil and Wernig, 1989) , (2) the ability of long-term denervated muscle fibers to accept reinner-vation (Gutmann and Young, 1944) , and/or (3) the number of axons that succeed in elongating to reach the denervated muscle fibers and making functional connections. Although long-term denervated muscle fibers undergo extensive degeneration and atrophy (Gutmann and Young, 1944; Anzil and Wernig, 1989; Schmalbruch et al., 1991) , regeneration of new fibers from satellite cells is often sufficient to maintain the normal number of viable muscle fibers even 10 months after denervation (Mussinin et al., 1987; Schmalbruch et al., 1991) . Unless the satellite cell pool is exhausted, a reduction in the number of viable muscle fibers cannot account for the ultimate reduction in the number of reinnervated muscle fibers after delayed nerve repair (Gutmann and Zelena, 1962; Anzil and Wernig, 1989) . The postulate of a lack of viable muscle fibers is further challenged by the finding that the threefold increase in the number of muscle fibers reinnervated by each axon is the same as after immediate nerve repair (Fu et al., 1991; Rafuse, 1993) and after partial denervation (Rafuse et al., 1992; Gordon et al., 1993) . Since each motor axon supplies as many muscle fibers as possible, poor reinnervation is likely because few axons have succeeded in regenerating and reinnervating denervated muscle fibers. Even in short-term denervated muscles where degeneration is minimal, we observed the same small number of reinnervated MUs after N-M suture that was associated with a significant reduction in the number of regenerating axons. Thus, poor reinnervation of long-term denervated muscle is far more likely due to failure of many regenerating axons to elongate and/or make synaptic connections with denervated muscle fibers than a reduction in the number of viable muscle fibers. The present finding that the enlarged MUs in a reinnervated muscle contained an increasing number of muscle fibers also argues against the idea that long-term denervated muscle fibers fail to accept reinnervation (see Gutmann and Young, 1944) . It is more likely that not all muscle fibers are reinnervated because each of the few regenerated motor axons cannot reinnervate more than five times the normal number of muscle fibers. This is in agreement with previous studies showing that after prolonged denervation the number of reinnervated muscle fibers is reduced when fewer axons have regenerated (Anzil and Wernig, 1989) and remains the same as normal when the number of successfully regenerated axons is maximized by repeated freezing of the sciatic nerve (Irintchev et al., 1990) .
Incomplete recovery of muscle fiber size from denervation atrophy Failure of reinnervated muscle fibers to resume their normal size suggests that atrophy can only be partially reversed after prolonged denervation, possibly due to exhaustion of satellite cells. After prolonged denervation, viable muscle fibers are very small (Gutmann, 1948; Sunderland and Ray, 1950; Schmalbruch et al., 1991) . Reversal of denervation atrophy, possibly as in postnatal enlargement of muscle fiber diameter, may rely on incorporation of satellite cells as a source of new nuclei (Moss and LeBlond, 197 1; Mazanet and Franzini-Armstrong, 1986 ). However, the satellite cell pool is likely depleted in prolonged denervation. We are currently testing this possibility by irradiation of denervated muscle after reinnervation. An additional factor that may limit muscle recovery from denervation atrophy is endomysial fibrosis and connective tissue accumulation (Gutmann and Young, 1944; Savolainen et al., 1988) . Both may physically limit the size of muscle fibers.
Conclusions
The number of regenerating motor axons that reinnervate denervated muscle fibers is profoundly reduced when denervation is prolonged as a result of deterioration of the intramuscular nerve sheaths. In addition, long-term denervated muscle fibers fail to fully recover from denervation atrophy, possibly due to exhaustion of the satellite cell population. Thus, prolonged denervation after delayed nerve repair is very detrimental to functional recovery and accounts for a 90% reduction in the number of functional
MUs. This compares with a 30% reduction in prolonged axotomy (Fu and Gordon, 1995) . These findings provide a basis for surgical repair of nerve injuries.
Efforts should be devoted to optimizing nerve regeneration in the intramuscular nerve sheaths and denervated muscles in addition to minimizing the effects of denervation atrophy.
